Background--The healthy heart has a dynamic capacity to respond and adapt to changes in nutrient availability. Diabetes mellitus disrupts this metabolic flexibility and promotes cardiomyopathy through mechanisms that are not completely understood. Phosphofructokinase 2 (PFK-2) is a primary regulator of cardiac glycolysis and substrate selection, yet its regulation under normal and pathological conditions is unknown. This study was undertaken to determine how changes in insulin signaling affect PFK-2 content, activity, and cardiac metabolism.
D
iabetes mellitus has reached epidemic proportions, and cardiovascular complications are the predominant cause of mortality. Coronary artery disease is a major factor, but heart failure in the absence of other contributing factors is also prevalent. 1, 2 This condition, termed diabetic cardiomyopathy, is particularly problematic because it can exacerbate comorbidities and increase the occurrence and progression of heart failure. 3 It is, thus, critical to identify the mechanisms that promote heart failure in diabetes mellitus. Although numerous factors are implicated, prominent drivers of diabetic cardiomyopathy are metabolic alterations that affect the import and use of fatty acids and glucose by cardiomyocytes. 4 The healthy heart uses fatty acids, glucose, and a mix of other substrates, adjusting substrate preference dynamically with availability and energy demands. 5 The fatty acid/glucose balance is disrupted in diabetes mellitus, resulting in metabolic inflexibility and nearly complete reliance on lipids for energy. This results in increased fatty acid use, insubstantial glucose use, myocardial lipid accumulation, lipotoxicity, and mitochondrial dysfunction. 6 Furthermore, diabetic substrate use becomes unresponsive to factors, such as insulin and adrenergic signaling, that normally increase glucose use in the healthy myocardium. 7, 8 The impairment of glucose use is a critical step in the metabolic phenotype of diabetes mellitus, and multiple contributing factors are involved in this process in the heart. Both membrane glucose transporter type 4 and mitochondrial pyruvate oxidation are reduced, thereby decreasing glucose import and inhibiting glucose oxidation, respectively. 9, 10 However, it is less well understood how diabetes mellitus affects glycolytic enzymes. This is important to determine because cardiac glucose uptake is largely maintained in diabetics, especially under conditions of increased workload, even though it is not readily used as an oxidizable energy source. 11 Remedying metabolic inflexibility requires glucose uptake, glycolysis, and pyruvate oxidation to be increased in concert.
In the heart, phosphofructokinase 1 (PFK-1) is the ratelimiting enzyme of glycolysis. 12, 13 The bifunctional enzyme, 6-phosphofructo-2-kinase/fructose 2,6-bisphosphatase (PFK-2), either produces or consumes the potent allosteric activator of PFK-1, fructose 2,6-bisphosphate. The kinase activity of the enzyme is activated by insulin and adrenergic signaling via phosphorylation, thus allowing the heart to normally alter its substrate selection depending on discrete external cues. 14, 15 For example, protein kinase A (PKA)-mediated phosphorylation of PFK-2 is sufficient to increase glucose use, even in the presence of lipids. 16 However, we have found that PFK-2 is unresponsive to b-adrenergic pathway agonists in a diabetic model. 8 Despite its pivotal role in cardiac metabolism and metabolic flexibility, changes that occur to PFK-2 abundance, phosphorylation, and activity with diabetes mellitus have not been examined. In this work, we demonstrate that PFK-2 content decreases in type 1 diabetic and fasted mice. Using an unbiased metabolomic approach, we show that hearts from fasted animals have an increase in glycolytic intermediates upstream of PFK-1, implicating the importance of PFK-2 in this process. Mechanistic studies with primary adult cardiomyocytes establish that insulin signaling regulates PFK-2 content. Specifically, in the absence of insulin, PFK-2 is rapidly degraded via both proteasomal and lysosomal mechanisms. This work highlights that PFK-2 is a central mediator for metabolic changes induced by diabetes mellitus.
Methods
The data that support the findings of this study are available to other researchers on request. All of the materials used in this study are available commercially from the indicated vendors.
Animal Models
Streptozotocin treatments were performed by The Jackson Laboratory (Bar Harbor, ME) on 7-week-old C57BL/6J mice using a 50 mg/kg treatment for 5 days. Elevated glucose levels were confirmed to be at least 300 to 400 mg/dL %16 days after injection. Age-matched C57BL/6J mice were used as controls. Mice were fed standard laboratory chow ad libitum. Four months after streptozotocin treatments, mice were euthanized by cervical dislocation for biochemical analysis. For PFK-2 content studies, 5 control and 5 streptozotocin-treated diabetic mice were used. For the high-fat diet (HFD) study: 8-week-old C57BL/6J mice were fed either a low-fat diet (70% carbohydrate, 20% protein, and 10% fat, by kcal) or an HFD (20% carbohydrate, 20% protein, and 60% fat, by kcal) ad libitum for a total of 1 week (n=6 for low-fat diet, and n=4 for HFD) or 21 weeks (n=4 for both groups; products D12450J and D12492; Research Diets Inc, New Brunswick, NJ). For fasting studies, 3-month-old C57BL/6J mice were placed in a fresh cage with access to water but without food for 24 hours (n=4). Age-matched control C57BL/6J mice were fed standard laboratory chow ad libitum. Treatment groups, as indicated, were given 50 lg/kg isoproterenol hydrochloride (Sigma, St Louis, MO) or 330 mg/kg 8-bromo-cAMP (Tocris Bioscience, Bristol, UK) by IP injection. A corresponding volume of saline was used for control treatments. Hearts were excised under 2% isoflurane anesthesia, quickly washed in ice-cold distilled water, blotted dry, and flash frozen, as recommended for metabolomic analysis. 17 All mouse experiments were performed with approval from the Oklahoma Medical Research Foundation (Oklahoma City, OK) Institutional Animal Care and Use Committee.
Clinical Perspective
What Is New?
• Phosphofructokinase-2 (PFK-2), a central regulator of cardiac glycolysis that is normally activated in response to adrenergic stimulation and/or insulin signaling, is decreased in mouse models of reduced insulin signaling, including type 1 diabetes mellitus, high-fat feeding, and overnight fasting.
• Using isolated adult mouse cardiomyocytes, we demonstrate that, in the absence of insulin signaling, PFK-2 is degraded by mechanisms that include both proteasomeand chaperone-mediated autophagy.
What Are the Clinical Implications?
• Cardiac PFK-2 levels normally fluctuate dynamically between the fed and fasted states, but they are persistently decreased with diabetes mellitus and a high-fat diet.
• A short-term decrease of PFK-2 during fasting would contribute to limited glucose use basally and in response to b-adrenergic signaling.
• A long-term decrease in PFK-2 could increase cardiac metabolic inflexibility and contribute to diabetic heart disease. . Samples were then subjected to in-gel digestion and MS analysis, as described later for heart samples. Results of these experiments revealed that the PFK-2 peptides YPGGESYQDLVQR, VFNLGVYR, and SYQSYDFFR were the 3 best flyers, and they were used in the subsequent cardiac analysis. 18 Heart samples were prepared on the basis of our standard targeted proteomics approach. [19] [20] [21] [22] Whole heart homogenates were used for the analysis. Total proteins (50-µg amounts) were taken for analysis, and 8 pmol BSA was added as an internal standard. The proteins were precipitated with acetone. The dried protein pellet was reconstituted in Laemmli sample buffer at 1 lg/lL, and 20 lL (20 lg total protein) was run into a short (1.5-cm) SDS-PAGE gel. The gels were fixed and stained. Each sample was cut from the gel as the entire lane and divided into smaller pieces. The gel pieces were washed to remove the Coomassie blue and then reduced, alkylated, and digested overnight with trypsin. The mixture of peptides was extracted from the gel, evaporated to dryness in a SpeedVac, and reconstituted in 150 lL 1% acetic acid for analysis. The analyses were performed on a ThermoScientific TSQ Quantiva triple-quadrupole MS system. The high-performance liquid chromatograph was an Ultimate 3000 nanoflow system with a 10-cm975-lm internal diameter. A C18 reversedphase capillary column was used. Aliquots (5 µL) were injected, and the peptide was eluted with a 60-minute gradient of acetonitrile in 0.1% formic acid. The data were analyzed with the program skyline to integrate the peak area of the respective peptides. Multiple peptides are measured for each protein. The geomean of the response of those peptides was used for the protein response. The protein responses were normalized to the BSA response to determine the concentration in the homogenate.
Measuring Changes in Protein Expression

Metabolomics
Metabolomics analysis was performed by the West Coast Metabolomics Center at University of California, Davis. In brief, unbiased profiling was performed using automatic linear exchange and cold injection gas chromatography-time-offlight MS. Metabolite values were quantified by peak heights and listed as normalized relative intensities. Additional targeted metabolomics studies were performed by the University of Michigan (Ann Arbor, MI) to measure glycolytic intermediates.
Preparation of Cardiac Homogenates for SDS/ PAGE and Western Blot Analysis
After treatments, mice were immediately euthanized by cervical dislocation and hearts were quickly perfused by left ventricle puncture with 3 mL of ice-cold buffer containing 210 mmol/L mannitol, 70 mmol/L sucrose, 5 mmol/L MOPS, and 1 mmol/L EDTA (perfusion buffer). Hearts were excised and immediately flash frozen. Frozen hearts were homogenized by a Potter-Elvehjem homogenizer in perfusion buffer with the addition of 20 mmol/L NaF and protease inhibitor cocktail (homogenization buffer). The volume of homogenization buffer was standardized to heart weight. SDS-PAGE sample buffer (49) was added to standardized homogenates with 25 mmol/L dithiothreitol. Samples were heated at 95°C for 5 minutes and centrifuged at 16 873g for 5 minutes. After SDS-PAGE (4%-12% NuPage Bis-Tris gel; Life Technologies, Carlsbad, CA), gels were transferred to nitrocellulose membranes and blocked for 30 minutes with 2% BSA in PBS with 0.1% Tween-20. Blots were incubated overnight at 4°C in 2% BSA in PBS with 0.1% Tween-20 with primary antibodies. All antibodies, including phosphorylated S483 PFK-2, PFK-1, PFKFB3, fructose-2,6-bisphosphatase (TIGAR), hexokinase II, protein kinase B (Akt), phosphorylated Akt, p70 S6 kinase (S6K), and phosphorylated p70 S6K (Thr389), were from Cell Signaling Technologies (Danvers, MA). The exceptions were antibodies against PFKFB2 (OriGene, Rockville, MD), p62 (Abcam, Cambridge, UK), and horseradish peroxidase-conjugated actin (Santa Cruz Biotechnology, Dallas, TX). Blots were developed with Super-Signal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific) and imaged with an Alpha Innotech Fluorchem HD2 imaging system. The exposure times were adjusted so that the bands of interest were not saturated. Densitometry analysis was performed using ImageJ software (National Institutes of Health, Bethesda, MD).
Quantitative Reverse Transcription-Polymerase Chain Reaction
RNA was isolated using the TriPure Isolation Reagent method (Roche, Basel, Switzerland). cDNA libraries were generated using a QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany). Quantitative polymerase chain reactions were performed in duplicate by the CFX96 Real Time System (Bio-Rad Laboratories Inc, Hercules, CA) in 40 cycles of 95°C for 15 seconds and 60°C for 60 seconds using iQ SYBR Green Supermix (Bio-Rad Laboratories Inc). Data were analyzed using Biorad CFX manager.
Cell Culture of Adult Mouse Ventricular Cardiomyocytes
Adult primary cardiomyocytes from C57BL/6J mice were isolated and cultured, as previously described. 8, 23 In brief, each mouse was treated with 50 IU heparin under isoflurane anesthesia. After 3.0 minutes, the mouse was quickly euthanized by an isoflurane overdose. The heart was immediately excised, the aorta was cannulated within 1 to 2 minutes, and the aorta was perfused with Ca 2+ -free buffer (37°C). The perfusion buffer was then switched to a digestion buffer containing type II collagenase, and the heart was digested for 11 minutes or until the heart became soft. Ventricles were removed and teased apart in a calf serum containing buffer into a single-cell suspension using progressively smaller pipettes. Cells were not used if they consisted of <50% rod-shaped cells, and they usually consisted of 65% to 75% rods. Calcium was gradually reintroduced before cells were plated on laminin-coated plates in plating media. After 1 hour, the medium was switched to a serum-free culture medium (minimal essential medium with Hanks' balanced salt solution; Thermo Fisher Scientific) supplemented with penicillin-G, BSA, glutamine, 0.4 mg/mL NaHCO 3 , and insulintransferrin-selenium (Gibco), as indicated, and butanedione monoxime. Cells were incubated overnight at 37°C and 5% CO 2 and used the next day.
Statistical Analysis
Data were analyzed using Graphpad Prism 7. Results are expressed as meanAESEM. Pairwise comparison between groups was performed using an unpaired 2-tailed Student t test. Comparison between multiple groups was performed using 1-way ANOVA with Dunnett or Tukey post hoc analysis, as indicated. P≤0.05 was considered statistically significant.
Results
PFK-2 Content Is Decreased in the Diabetic Mouse Heart
PFK-2, the gene product of pfkfb2, regulates flux through glycolysis, and changes in its content or activity may be a driver of diabetic cardiomyopathy. Initial experiments were performed to determine how type 1 diabetes mellitus affects cardiac PFK-2 content. As shown in Figure 1A , PFK-2 content is significantly decreased (62.6AE7.5%) in hearts of streptozotocin-induced diabetic mice. Furthermore, short-term administration of the PKA agonist 8-bromo-cAMP revealed that PFK-2 is robustly phosphorylated in control hearts but not in the hearts of diabetic mice ( Figure 1B) . Thus, the PFK-2 that remains is unresponsive to b-adrenergic signaling, a result consistent with our previous report. 8 The decrease in PFK-2 content is because of changes in protein expression or stability, because transcript levels are not significantly decreased ( Figure 1C ). Other proteins functionally related to PFK-2 and its enzymatic product, fructose 2,6-bisphosphate, were examined in streptozotocin-treated diabetic mice to determine if changes were global or selective. The content of PFK-1, the rate-limiting enzyme of glycolysis that is activated by PFK-2, was unaltered ( Figure 1D ). PFKFB3, another less abundantly expressed isozyme of PFK-2 in the heart, and fructose-2,6-bisphosphatase (TIGAR) had similar content in control and diabetic mice ( Figure 1D ). In contrast, pyruvate dehydrogenase kinase 4, a protein known to be elevated in fasting and diabetic mice, 9 was increased. Thus, the decrease that occurs to PFK-2 is unique compared with the other related glycolytic proteins PFK-1, PFKFB3, and TIGAR. We next examined whether a decrease in PFK-2 is also observed in the hearts of mice fed an HFD, a model that approximates type 2 diabetes mellitus. 24, 25 As shown in Figure 2A , PFK-2 levels are decreased by %25% in mice fed an HFD for 21 weeks. Thus, the decrease in cardiac PFK-2 is common to both insulin deficiency (streptozotocin induced) and insulin resistance (HFD) mouse models. It is possible that the observed decrease in PFK-2 is a result in limited proteolysis, thereby affecting PFK-2 detection by antibodies. However, PFK-2 fragments were not detected by either of the antibodies used in this study (not shown). The antibody used to detect total PFK-2 was raised against residues 448 to 476 (human pfkfb2 numbering), strongly supporting that the kinase-activating phosphorylation site at S483 is absent. In addition, we performed an additional experiment to do the following: (1) determine if PFK-2 is decreased in as short as 1 week in the hearts of mice fed an HFD; and (2) detect the protein by an alternative means that does not depend on antibody recognition. For this, we developed an MS-based SRM assay to detect PFK-2 in heart homogenates. The assay was based on the detection of 3 distinct peptides (see Methods). The SRM assay revealed that PFK-2 is significantly decreased (20% loss) in the hearts of animals fed an HFD for 7 days ( Figure 2B ). This result supports that PFK-2 levels are dynamically regulated, even in the short-term, to dietary conditions that affect insulin signaling.
The Decrease in PFK-2 Is Accompanied by an Increase in Early Glycolytic Intermediates
Diabetes mellitus has a multitude of effects on whole body metabolism and can impair normal cardiac physiological characteristics. We, therefore, examined whether fasting, which also decreases insulin signaling, cardiac glucose use, and increased reliance on lipids are sufficient to decrease PFK-2 content independently of other diabetic complications and pathological features. 26 As shown in Figure 3A , control mice fasted for 24 hours had a significant decrease in cardiac PFK-2 content (37.0AE8.1% decrease). This, thus, identifies PFK-2 as a labile protein that responds to nutrient stresses. We next determined how a decrease in PFK-2 content in fasted animals affects cardiac metabolism. An unbiased metabolomics approach was used to examine the differences between fed and fasted animals of glycolytic intermediates and related molecules, citric acid cycle intermediates, fatty acids, and amino acids. The changes in metabolites in fasted animals are shown schematically in Figure 3B , and the changes in early glycolytic intermediates (EGIs) are quantified in Figure 3C . More important, the decrease in PFK-2 content in fasted animals was accompanied by an increase in glycolytic intermediates upstream of PFK-1 and included an increase in metabolites within the pentose phosphate pathway. However, metabolites downstream of PFK-1 were significantly decreased in fasted animals. Collectively, these changes in metabolites are consistent with a decrease in PFK-1 activity. In contrast to glycolytic intermediates, citric acid cycle intermediates (Figure 3D ) and adenosine phosphates ( Figure 3E ) were relatively unaffected by fasting. The lack of change in citrate and adenosine phosphates, regulators of PFK-1 activity, support that loss of PFK-2 content may be a primary promoter of EGIs. analyzed from control and diabetic (4 months after streptozotocin treatment) mice for PFK-2 and phosphorylated PFK-2 (pPFK-2; Ser483). C, PFK-2 mRNA was measured by quantitative reverse transcription-polymerase chain reaction (RT-qPCR). D, Metabolic enzymes related to PFK-2 were analyzed by Western blot analysis. E, PFK-2 was measured in cardiac homogenates of mice fed either a low-fat control or a high-fat diet for 21 weeks. Representative blots on the left and quantified on the right. F, Mice were fed either a low-fat control or a high-fat diet for 7 days. Protein homogenates were analyzed by a selected reaction monitoring technique. Data are presented as meanAESEM. NS indicates not significant (P=0.368); PDK4, pyruvate dehydrogenase kinase; PFKFB3, phospho fructokinase 2 isoform 3; and TIGAR, fructose-2,6-bisphosphatase. ***P<0.005, unpaired Student t test (n=4-6 for all groups).
To further demonstrate how activation of PFK-2 affects glycolytic intermediates, control animals were administered the b-agonist, isoproterenol, to stimulate PKA activity. As shown in Figure 3C , this treatment dramatically decreased glycolytic intermediates upstream of PFK-1. This result is consistent with b-adrenergic stimulation activating PFK-2, increasing glycolysis, and decreasing EGIs.
Insulin Signaling Regulates PFK-2 Content
Having established the labile nature of cardiac PFK-2 and its potential functional significance, we next sought to determine whether insulin signaling, which is decreased in type 1 diabetes mellitus and fasting, is coupled to PFK-2 content. Cardiomyocytes were isolated from control adult mice, and the culture conditions were varied to influence insulin signaling. As shown in Figure 4A , cells cultured overnight in the absence of insulin exhibit a 40% decrease in PFK-2 content. A similar decrease was seen in cells cultured in the presence of lipids to mimic high fat. In contrast, high glucose had no effect on PFK-2 content. The decrease in PFK-2 closely follows alterations in insulin signaling. For example, the conditions that decreased PFK-2 content also decreased AKT phosphorylation ( Figure 4B ). Supplementation with insulin-like growth factor 1 was also able to maintain high levels of PFK-2 ( Figure 4C ). However, cosupplementation with both insulin and insulin-like growth factor 1 showed no further benefit, suggesting these pathways maintain PFK-2 content by a similar mechanism.
The phosphatidylinositol 3-kinase (PI3K) signaling pathway is activated by both insulin and insulin-like growth factor 1, suggesting its activity is necessary in maintaining PFK-2 content. We, therefore, examined the importance of PI3K activity on the half-life of PFK-2. Cells were cultured with insulin and cycloheximide, a protein translation inhibitor, and in the presence or absence of the PI3K inhibitor, wortmannin. Treatment with cycloheximide alone had a minimal effect on PFK-2 content ( Figure 4D ), suggesting it is a relatively long-lived protein.
However, wortmannin induced a significant and rapid decrease in PFK-2 content, with a calculated half-life of 2.2 hours. Taken together, PI3K activity, which is decreased by both fasting and diabetes mellitus, dynamically controls PFK-2 content.
PFK-2 Stability Is Affected by Its Phosphorylation State, and Its Degradation Is Mediated by Both Proteasome-and Chaperone-Mediated Autophagy
We next sought the mechanisms that lead to the rapid degradation of PFK-2 in the absence of insulin signaling. We
Figure 2. Phosphofructokinase 2 (PFK-2) content is reduced in mice fed a high-fat diet (HFD). A, PFK-2
was measured by Western blot analysis in cardiac homogenates of mice fed either a low-fat control diet (LFD) or an HFD diet for 21 weeks. Representative blots on the left and quantified on the right. B, Mice were fed either an LFD or an HFD for 7 days, and cardiac homogenates were analyzed by a selected reaction monitoring technique, described in Methods. Data are presented as meanAESEM. *P<0.05, unpaired Student t test (n=4-6 for all groups).
first examined whether PFK-2 is degraded in a proteasomedependent manner. As shown in Figure 5A , adult cardiomyocytes cultured in the absence of insulin for 4 hours had a significant decrease in PFK-2 content, and this was largely prevented by the proteasome inhibitor, MG132. Furthermore, treatment of cells with the PKA agonist, 8-bromo-cAMP, also Cardiac homogenates from control and 24-hour fasted mice were analyzed by Western blotting. Densitometric values were standardized to actin. Representative blots shown below (n=5 for both groups). B, Untargeted metabolomics from flash-frozen heart tissue of control and 24-hour fasted mice. C, Five minutes before cardiac excision, saline or 50 lg/kg isoproterenol IP injections were administered. Changes in early glycolytic intermediates are shown. D and E, Citric acid intermediates and adenosine phosphates were not significantly affected by fasting (n=3 for all groups). Data are presented as meanAESEM. Ery-4-P indicates erythrose 4-phosphate; Fru-1,6-P 2 , fructose 1,6-bisphosphate; Fru-6-P, fructose 6-phosphate; Glu-1-P, glucose 1-phosphate; Glu-6-P, glucose 6-phosphate; 3-P-glycerate, glycerate 3-phosphate; Rib-5-P, ribulose 5-phosphate; and Xyl-5-P, xylulose 5-phosphate. *P<0.05, unpaired Student t test.
sustained PFK-2 levels in the absence of insulin. These results support that PFK-2 is degraded via the proteasome. However, degradation is prevented when the protein is phosphorylated and activated by PKA.
We next tested whether other proteostasis mechanisms also regulate PFK-2 levels. As shown in Figure 5B , the lysosomal inhibitor, chloroquine, largely prevented the loss of PFK-2 in cardiomyocytes cultured in the absence of insulin for 24 hours. However, chloroquine had no effect on PFK-2 levels in cells cultured under similar conditions for 4 hours (data not shown). This suggests proteasomal degradation may mediate PFK-2 degradation in the short-term, whereas a slower lysosomal-mediated process may contribute to repressed levels in the long-term. Macroautophagy is one mechanism whereby proteins are targeted to lysosomes for degradation. However, the nonspecific macroautophagy inhibitor, 3-methyladenine, was unable to prevent PFK-2 degradation ( Figure 5B ). This suggests that lysosomalmediated degradation of PFK-2 occurs but is independent of macroautophagy. An alternative mechanism of lysosomal degradation is mediated by chaperone-mediated autophagy (CMA), whereby targeted proteins bind hsc70, a member of the heat shock protein 70 family, and are shuttled to the lysosomes. PFK-2 has a canonical CMA motif (Dr Ann Maria Cuervo, written communication, May 2016; Figure 6A ) that can potentially bind hsc70. It has been recently shown that CMA is regulated by lysosomaltargeted Akt1 activity in a mammalian target of rapamycin complex (mTORC) 2-and PH domain leucine-rich repeat protein phosphatase (PHLPP1)-dependent manner ( Figure 6B ). 27, 28 Specifically, mTORC2 phosphorylates and activates Akt1, thereby decreasing CMA. In contrast, PHLPP1 is recruited to lysosomes to dephosphorylate Akt1 and promote CMA. To determine if CMA contributes to PFK-2 degradation, control adult cardiomyocytes were cultured in the presence of insulin and the mTORC1/2 inhibitor, AZD8055. As shown in Figure 6C , AZD8055 decreased PFK-2 content by 65%. Likewise, cells cultured with insulin and an Akt inhibitor also had a significant loss of PFK-2 (40% decrease; Figure 6D ). Reciprocally, addition of a selective inhibitor against the catalytic site of PHLPP1 (National Service Center identification 117079) 29 prevented the decrease in PFK-2 in cells cultured in the absence of insulin ( Figure 6E ). Finally, the effects of the PHLPP1 inhibitor and chloroquine were not additive ( Figure 6E ), suggesting that PHLPP1 inhibition itself was preventing PFK-2 degradation in a lysosomal-dependent manner. In conclusion, these results support that PFK-2 is degraded in an Akt1-dependent manner, which is consistent with a CMA-mediated mechanism.
Diabetes Mellitus Is Accompanied by Deficient Macroautophagy With Enhanced CMA
In the heart, both macroautophagy and CMA are elevated by fasting. 30 In contrast, macroautophagy is inhibited with diabetes mellitus, 30, 31 whereas changes in CMA activity have not been well explored. We, therefore, examined both general autophagy and CMA markers to determine the relative activity of each pathway with diabetes mellitus. S6K is a downstream substrate of mTORC1. 32 Thus, an increase in S6K phosphorylation is indicative of increased mTORC1 activity and decreased autophagy. As shown in Figure 7A , phosphorylation of S6K at the mTORC1 site, Thr389, is significantly elevated in diabetic mice. In contrast, the downstream substrate of mTORC2, Ser473 of Akt, is similarly phosphorylated in control and diabetic mice. This suggests mTORC1 and mTORC2 activities are differentially affected by diabetes mellitus.
Further differences between macroautophagy and CMA were next explored. LC3-II, the ethanolamine conjugated form of LC3-I that is recruited to autophagosomes, showed no significant change in diabetic mice and is, thus, inconclusive. However, p62 (sequestosome-1), which accumulates when autophagy is inhibited, was significantly elevated in diabetic compared with control mice ( Figure 7B ). This is consistent with previous reports that autophagy is decreased in type 1 diabetic models. 30, 31 In contrast, 2 established CMA targets, GAPDH and hexokinase II, 33, 34 trended towards a decrease in diabetic mice. This suggests that CMA may be overactive in diabetes mellitus. The significant decrease in PFK-2, compared with established CMA targets, may be distinctive because of its shorter half-life and alternative protein degradation via the ubiquitin proteasome system. In summary, our results support that CMA, unlike macroautophagy, is sustained in the hearts of diabetic mice.
Discussion
The heart is adapted to deriving energy from available nutrients, and metabolic flexibility is essential for proper cardiac function. This ensures that regardless of the body's nutrient status, ATP levels are strictly sustained at steadystate levels. 35, 36 Under the fed state, insulin signaling promotes glucose uptake and glycolysis is increased by phosphorylation of PFK-2 through Akt and/or PKA signaling ( Figure 8 ). In concert, pyruvate dehydrogenase activity is increased to promote glucose oxidation and prevent lactate production. However, under the fasted state, the increased reliance on fatty acid oxidation and lack of insulin signaling cause a decrease in glucose uptake, PFK-2 content, and PFK-1 activity. Decreased glycolysis, coupled with inhibition of pyruvate dehydrogenase, ensures that any lactate produced is returned to the circulation for hepatic glucose production; collectively, these processes contribute to a glucose-sparing effect. However, despite being sensitive to insulin-mediated glucose uptake, our metabolomics study revealed that glycolytic intermediates upstream of PFK-1 are surprisingly elevated in the fasted state. This suggests that insulinindependent glucose uptake can persist and that the PFK-1/ PFK-2 nexus is not just a redundant means of decreasing cardiac glucose use, but is a primary means of rerouting glycolytic intermediates to alternative pathways under the fasted state. Furthermore, under diabetic conditions, when PFK-2 content is decreased in the long-term, hyperglycemia may overwhelm this endogenous rerouting of intermediates, causing pathological elevation of alternative glucose metabolic pathways.
Our results support that the increase in EGIs in the fasted heart is facilitated by the decrease in PFK-2 protein content. For example, PFK-1 protein levels and metabolic feedback inhibitors of PFK-1, such as citrate and adenosine phosphates, are unchanged with fasting. Thus, the decrease in PFK-1 activity is likely mediated by decreased content of fructose-2,6-bisphosphate. Unfortunately, fructose-2,6-bisphosphate is not detected by metabolomic analysis because of its low concentration, instability, and the unavailability of metabolic standards that would allow refinement of current analytical approaches. Nevertheless, the critical role of PFK-2 in modulating EGIs is reciprocally supported by the metabolic analysis of hearts after isoproterenol stimulation. Under these conditions, activation of PFK-2 results in a 90% decrease in EGIs ( Figure 3C ). In addition, Gibb et al have shown, through metabolic tracer studies in cardiomyocytes, that a decrease in PFK-1 activity increases upstream intermediates and flux through pentose phosphate pathway and hexosamine biosynthetic pathway. 13 Our results are also consistent with work by Donthi et al, who demonstrated that the cardiac expression of a kinase-deficient PFK-2 promotes an increase in glycolytic intermediates upstream of PFK-1. 37 Over time, this mouse model also develops fibrosis and reduced cardiomyocyte function. Thus, the long-term decrease in PFK-2 we observe in diabetic mice may likewise be a driver of diabetic cardiomyopathy. The increase in EGIs with fasting may be part of a metabolic response program that reroutes glucose from glycolysis to other intracellular metabolic pathways. This includes an increase in flux through the pentose phosphate pathway and the production of glycogen. Indeed, nicotinamide-adenine dinucleotide phosphate, reduced form, produced by the pentose phosphate pathway, can increase antioxidant capacity, and this may be a necessary adaptation that counters the increase in reactive oxygen species production that occurs with fatty acid oxidation. 38, 39 However, prolonged rerouting of glucose to alternative pathways, especially when circulating glucose levels are elevated, may be detrimental for cardiac health. For example, glycogen content is counterintuitively elevated during fasting 40 ; during the long-term, hyperglycemia leads to overt glycogen accumulation, a process associated with cardiomyocyte stress and cardiac pathological features. 41, 42 Future experiments will test the hypothesis that sustaining PFK-2 content and activity may be a means of mitigating long-term rerouting of EGIs to alternative pathways. Experimentally, and potentially clinically, this may be mediated by administration of metformin, which diminishes diabetic cardiomyopathy in a chronic type 1 diabetic model via activation of AMP kinase. 43 A potential, and unexamined, benefit of sustained activation of AMP kinase may be by the phosphorylation and stabilization of PFK-2. 44 Alternatively, targeting the concerted actions of PFK-2 and PFK-1 more specifically may be a way to potently reverse diabetic metabolic changes. This work is the first to demonstrate PFK-2 content is rapidly degraded in response to decreased insulin signaling. This is true with type 1 diabetes mellitus, high-fat feeding, and fasting. The development of the PFK-2 SRM assay occurred late in the study and was used to provide additional confirmation of decreased protein independently of antibody-based assays. Because 2 different methods were used to measure PFK-2 content in 1-and 20-week HFD fed animals, we cannot definitively conclude that the loss of PFK-2 does not progress longitudinally. Future studies using the SRM assay, which is much more quantitative, will address this question. The 2.2-hour half-life of PFK-2, induced by a PI3K inhibitor in the presence of cycloheximide, is unusual for an autophagic mechanism. Proteins turned over by CMA generally have a half-life >6 hours. 45 The potency by which PFK-2 is Figure 8 . Model showing how phosphofructokinase 2 (PFK-2) regulation dynamically affects cardiac metabolism in the fed, adrenergically stimulated, fasted, and diabetic states. The fed state can regulate glycolytic flux dynamically on the basis of substrate availability. The normal mild elevation in early glycolytic intermediates (EGIs) during the fed state is abolished by b-adrenergic activation of PFK-2, allowing use of the intermediates for energy utilization. In fasting, despite low blood glucose, there is a paradoxical increase in EGIs because of the strong inhibition of PFK-2 and phosphofructokinase 1 (PFK-1). In diabetes mellitus, the combination of high circulating glucose levels and diminished PFK-2/PFK-1 activities in the long-term may lead to a highly pathological accumulation of EGIs that promotes overactivation of branching metabolic pathways. AKT indicates protein kinase B; Fru-1,6-P, fructose 1,6-bisphosphate; Fru-6-P, fructose 6-phosphate; Glu-6-P, glucose 6-phosphate; PDH, pyruvate dehydrogenase; and PKA, protein kinase A.
preferentially degraded is further illustrated by comparing its content with that of other known CMA targets, GAPDH and hexokinase II ( Figure 7B ). This accelerated rate of degradation of PFK-2, relative to these other targets, may be because of its susceptibility to both proteasomal-and lysosomal-mediated degradation ( Figures 5 through 7) . The regulation of PFK-2 likely evolved to support fasting metabolism. In this context, inactivation of PFK-2 by lipids and low insulin signaling contributes to reduced glucose use by the heart, thus sparing it for the brain. 46, 47 The primary means of regulating PFK-2 activity, which occurs with moment-to-moment changes in energy demands, is via phosphorylation. However, we demonstrate herein that a decrease in PFK-2 content offers another layer of metabolic regulation. By reducing the content of this protein, alternative pathways that activate PFK-2 via phosphorylation would have less of an effect on glycolytic flux under fasting conditions. For example, b-adrenergic activation preferentially increases glucose metabolism 48 via PKA-mediated phosphorylation of PFK-2 and a concurrent increase in the calcium-mediated activation of pyruvate dehydrogenase in the mitochondria. 16, 49 Thus, the decrease in PFK-2 content would ensure that periods of high sympathetic activity and fasting do not cause dangerously low blood glucose levels. However, the long-term decrease in PFK-2 observed herein with diabetes mellitus could be a contributor to the metabolic inflexibility that contributes to diabetic cardiomyopathy.
